It is well known that small molecule colloidal aggregation is a leading cause of false positives in early drug discovery. Colloid-formers are diverse and well represented among corporate and academic screening decks, and even among approved drugs. Less appreciated is how colloid formation by drug-like compounds fits into the wider understanding of colloid physical chemistry. Here we introduce the impact that colloidal aggregation has had on early drug discovery, and then turn to the physical and thermodynamic driving forces for small molecule colloidal aggregation, including the particulate nature of the colloids, their critical aggregation concentration-governed formation, their mechanism of protein adsorption and subsequent inhibition, and their sensitivity to detergent. We describe methods that have been used extensively to both identify aggregate-formers and to study and control their physical chemistry. While colloidal aggregation is widely recognized as a problem in early drug discovery, we highlight the opportunities for exploiting this phenomenon in biological milieus and for drug formulation.
Introduction
Drug discovery often begins with screening libraries of over one million molecules to find early compounds that may become leads to drug candidates [1, 2] . While they remain the most widely used strategy in pharmaceutical research to discover new diseaserelated targets, these high-throughput screening (HTS) campaigns are dominated by false-positive "hits" [3] [4] [5] . Often, far more time and resources are spent distinguishing between true and false positives, and prioritizing well-behaved hits for progression, than was spent developing and executing the HTS in the first place.
Among the most common mechanisms for false-positive hits in HTS is the colloidal aggregation of small molecules, first discovered 15 years ago [3] and now widely accepted [6] . Subsequent mechanistic work demonstrated that aggregation occurs via phase separation and particle formation when the small molecules are present above a compound-specific critical aggregation concentration (CAC) [7] . The resulting colloidal aggregates non-specifically bind proteins to their surface causing local unfolding events, which, in the case of enzymes, result in loss of catalytic activity [7, 8] .
Compound aggregation alone explained the flat structure-activity relationships and high sensitivity to assay conditions that had been a common feature of the HTS false positives [2, 5] . A third widespread feature of these pathological hits, their steep Hill coefficients in concentration-response curves, was explained by the aggregates having binding affinities for their target proteins that were substantially higher than the concentration of the targets in the assays [5] .
The formation of colloidal particles in biochemical buffers and their interactions with biological molecules have had many implications for drug discovery, formulation and activity. While many of these properties have rendered colloidal aggregates to be considered as nuisance artifacts, they can also be exploited to turn colloidal aggregation into an advantage. The aim of this review is to inform the reader of these unique properties of colloidal aggregates, their implications in biochemical assay and drug development, and current efforts to exploit these properties.
Properties of colloidal aggregates
Many organic small molecules spontaneously self-assemble in aqueous media into nano-sized colloidal aggregates without chemical manipulation. These molecules cover a range of chemical properties and structures, and include compounds from screening libraries, for which the phenomenon was first characterized, dyes, and even clinically approved drugs [3, 9, 10] (Table 1 ). In the following sections, we highlight properties that make colloidal aggregates unique as nanostructures and quite different from other self-assembled drug nanoparticles, which have been reviewed elsewhere [11] [12] [13] .
Colloidal particle formation
The formation of stable, amorphous, nano-sized particles is a characteristic property of colloidal aggregation [3] . These colloids have diameters typically between 50 and 1000 nm and form through spontaneous phase separation on addition to aqueous media from, often, an organic stock solution such as DMSO (Fig. 1A) . Aggregation is concentration dependent; at low concentrations, the compound is fully solubilized, but as the concentration increases, spontaneous self-assembly occurs at a critical concentration [7] . This critical aggregation concentration (CAC, Fig. 1B ) appears to correspond to the amorphous solubility of the compound [15] . Notably, this concentration is higher than the crystal solubility of the compound, at least in those cases where the two have been carefully compared. The CAC is analogous to the critical micelle concentration for surfactants; like micelles, when diluted below the CAC the aggregates will spontaneously disassemble and return to a monomeric state [3, 21] . At least transiently, the concentration of free molecules that remain in solution is defined by the CAC, even once aggregates have formed, as is the case with micelles. (Fig. 1C ) [7] . This can be shown by centrifugation, for instance, where the colloidal aggregates may be spun down and separated from the soluble molecule, with the concentration in the supernatant remaining constant at the CAC.
Taylor et al. demonstrated that colloidal aggregates are liquidliquid phase-separated solutions [15] , unlike nanocrystals where the drug molecules are tightly packed into an organized lattice. The amorphous nature of colloidal aggregates allows them to interact with hydrophobic dyes akin to micelles, and unlike nanocrystals. Fluorescent probes, such as pyrene, change their emission characteristics depending on the polarity of their environment [23, 24] . Such dyes preferentially associate with the hydrophobic core of micelles and allow measurement of the CMC [23] [24] [25] . Similarly, these dyes associate with hydrophobic colloids at concentrations that correlate with the CAC [15, [26] [27] [28] [29] . The ability of fluorophores to incorporate into colloidal aggregates supports their liquid nature, as dyes are unable to penetrate crystal lattices.
While the actual molecular structure of colloidal aggregates is poorly understood, some studies have provided a preliminary glimpse into their structure. By small-angle X-ray scattering, the structure of the colloidal aggregates fit the expected pair distance distribution function for a well-packed, rather than a hollow, sphere [30] . This result is supported by the ratio of the radius of gyration to the hydrodynamic radius from light scattering [30] . Frenkel et al. used a molecular dynamics approach to explore the effect of pH (i.e. percent protonation of the compound) on the formation and structure of rilpivirine aggregates [31] . Additional studies are needed to fully understand the molecular organization (if any) of colloidal aggregates.
Aggregation thermodynamics
The self-assembly of molecules into colloidal aggregates is driven by their relative inability to form energetically favorable interactions with water [32] . Practically, these aggregates form when water is added to a hydrophobic aggregator dispersed in a water-miscible organic solvent (e.g. DMSO) [7, 32] , or blended in a water-soluble polymer matrix [15, 33, 34] . As shown in Fig. 2 , the aggregator is no longer soluble in the continuous phase after addition of water. In the unstable area, the mixture spontaneously separates to generate a liquid or glassy colloidal phase along with Table 1 Several aggregate-forming small molecules. Critical aggregation concentrations for these compounds are provided for the aqueous conditions listed. Error (standard deviation) is included when known.
Brazilin (natural product) [14] 286.3 57 ± 7 50 mM potassium phosphate, pH 7
Cinnarizine (anti-histamine) [7] 368.5 7 ± 3 50 mM potassium phosphate, pH 7
Clotrimazole (anti-fungal) [15] 344.8 15.0 ± 0.3 100 mM potassium phosphate, pH 10
Crizotinib (anti-neoplastic, non-small cell lung cancer) [16] Miconazole (anti-fungal) [7] 416.1 3 ± 2 50 mM potassium phosphate, pH 7 Tetraiodophenolphthalein (indicator) [7] 821.9 10 ± 2 50 mM potassium phosphate, pH 7
Trypan blue (dye) [20] 872.9 30 50 mM potassium phosphate, pH 7
Vemurafenib (anti-neoplastic, melanoma) [16] 489.9 1.2 50 mM potassium phosphate, pH 7 a small molecule-depleted aqueous phase. The exact mechanism by which colloidal aggregates form has not been studied for all aggregators, or under all conditions. Two mechanisms for colloid formation, during which the organic and aqueous phases are mixed together, have been proposed [32, 34, 35] . In the first mechanism, individual aggregator molecules are carried into the bulk solution where they associate to form amorphous colloidal aggregates when the CAC is reached. In the second mechanism, aggregation occurs as water penetrates the organic phase, followed by the release of intact colloids into the bulk solution. Isotope scrambling studies have supported the first mechanism for the dissolution of polymerdispersed aggregator with 10% and 20% aggregator loadings [35] ; however, systems with higher loading behave in a manner more consistent with the second mechanism, where aggregation occurs within the polymer matrix upon exposure to water and colloids are released as the matrix dissolves [34] . In reality, these two mechanisms are extremes of a single continuum; phase separation will occur whenever local supersaturation is achieved during mass exchange between organic and aqueous phases. Since phase separation will occur when the local composition enters the unstable region, the aggregator concentration in the organic phase (point 1 on phase diagram of Fig. 2 ) and the solubility parameters of the aggregator and organic matrix (which influence the shape of the unstable and metastable regions) likely dictate where phase separation will occur [34] . When the aggregator concentration is low, phase separation occurs only after a relatively large amount of water has penetrated the organic phase as aggregator-in-polymer formulations dissolve, resulting in phase separation that more closely follows the first mechanism [35] . Conversely, when the aggregator concentration is high, phase separation occurs after only a small amount of water diffuses into the organic phase, and the second mechanism is more closely followed [34] .
Factors that influence the critical aggregation concentration
The CAC of an aggregator is determined by both its intrinsic properties and the conditions of the continuous phase. Eq. (1) estimates the CAC as a function of the crystal solubility (C sat ), enthalpy of fusion ( H f ), melting temperature (T m ), temperature (T), gas constant (R), and a correction factor that accounts for the aggregator-rich phase containing solutes such as water (exp(-I(a 2 ))) [15, 36] . This approach generally yields a good approximation of the CAC; more rigorous methods are more predictive when the degree of undercooling (T m − T) is high [29] .
For a single-aggregator system, the enthalpy of fusion, melting temperature, and correction factor are static and intrinsic to each aggregator. However, the CAC is also affected by extrinsic factors. For example, the CAC can be indirectly altered by factors that affect the crystal solubility (C sat ), as is evident from Eq. (1). This property, while heavily dependent on the nature of the aggregator, is strongly affected by the solvent conditions [3, 15, 32] . For example, crystal solubility is increased with increasing temperature, which increases the CAC; however, some systems exhibit a minimum CAC at temperatures between 20 and 40 • C [15] , which may arise from the temperature term in the first exponential of Eq. (1). Additionally, adding salts to the aqueous phase reduces the solubility of relatively non-polar aggregators, and the CAC will be reduced, similar to self-assembled micelle systems [37, 38] . Conversely, adding an organic solvent that is miscible with water (e.g. ethanol, DMSO or THF) will increase the aggregator solubility, and the CAC will increase. Addition of solubilizing excipients such as cyclodextrins or surfactants can greatly increase the effective CAC of an aggregator because the aggregator partitions with the solubilizer, reducing the concentration of aggregator in the continuous phase [22, 26, 35, 39, 40] . Similarly, changing the pH can appear to change the CAC of an aggregator with ionizable groups [31, 41] . This phenomenon is often due to conversion of the neutral aggregator to a generally more soluble charged species. In pH conditions that favour the charged species, a higher overall aggregator concentration is needed for the neutral aggregator to reach its CAC; however, the true value of the CAC is unaffected by pH [28] . Practically, this behavior means that the observed CAC of an aggregator depends on the composition and pH of the media.
Aggregation of multiple compounds
When multiple aggregators are present in a solution they may co-aggregate to form multi-compound colloidal aggregates, if they are miscible in the amorphous state [40, 42] . Interestingly, these mixtures can form aggregates even when each aggregator is below its individual CAC; here, formation of aggregates occurs when the "compound load" exceeds a critical threshold [40, 42, 43] . Above this mixed CAC, different ratios of each aggregator will produce colloids with different compositions. In colloids of multiple aggregators that are completely miscible, the concentration of each compound in the continuous phase (i.e. the CAC) depends on their mole fraction in the mixture, as given by Eq. (2) [42] :
where the CAC 1
• is the CAC of the compound and x 1 is the mole fraction of the compound. For example, if an aggregator comprises 50 mol% of the colloidal phase (x 1 = 0.5), its concentration in the continuous phase will be 50% of its individual CAC. Conversely, when multiple completely immiscible aggregators are combined their concentration in the continuous phase (CAC) remains unchanged. These changes to the CAC of each aggregator likely originate from the correction term of Eq. (1), since this term accounts for other compounds that are incorporated into the colloid. In some cases, hydrophobic non-aggregators can be incorporated into colloids of another compound, similar to a solute partitioning between two immiscible liquid phases. For example, fluorescent dyes can be non-covalently incorporated into colloidal drug aggregates to enable their characterization (discussed below) [15, 19, 44] .
Macromolecule adsorption onto colloidal aggregates
At least partly due to their high surface area, and perhaps to the apolar nature of that surface, colloidal aggregates sequester macromolecules such as proteins, as illustrated in the following examples. The interaction of colloids with proteins was first observed through their non-specific and time-dependent enzyme inhibition [22] . Enzymes adsorb onto the surface of colloids and are partially unfolded, resulting in a loss of enzymatic activity [8] . The binding of proteins to the colloid is driven by surface interactions between the colloid and proteins, and often has dissociation constants in the picomolar range [5, 45] . Intriguingly, adsorption to colloids is specific to proteins, and has not been observed with other common biomolecules. Comparing fluorescently labeled proteins and DNA, only proteins were observed to be substantially adsorbed to colloidal aggregates; all DNA (single-or double-stranded) remained fully solubilized [30] . Full proteins also adsorbed more strongly than peptide fragments. For example, in a competitive assay in which the full ␤-lactamase protein and its peptide fragments were incubated with colloids, the presence of peptides had little impact on the inactivation of the enzyme by the colloids, demonstrating the preferential binding of full proteins to the colloidal surface. While protein adsorption to nanoparticles is not unique to colloidal aggregates, their reversible formation provides a unique method for enzyme re-activation [46] .
Detergent reversibility
A defining property of colloidal aggregates is their detergent reversibility. When detergents are added to the colloids, at concentrations greater than the aggregator concentration, the colloids can be disrupted [22, 47] . We have typically used 0.01% (v/v) Triton X-100 and 0.025% (v/v) polysorbate 80 to disrupt aggregation in enzyme-and cell-based assays, respectively [16, 48] . While lower concentrations can prevent enzyme inhibition [22] , they can also stabilize colloidal aggregates, likely through surface passivation [19] . The true effects of colloid-forming compounds in enzyme and cell-based assays can be probed using detergents to disrupt colloid formation [16, 22] .
Identifying and characterizing colloidal aggregates
The unique properties of colloidal aggregates allow several analytical techniques to be used. These methods have been successfully employed to identify the presence of colloidal aggregates under many experimental conditions. Colloidal aggregates have similarities to other nano-emulsions (e.g. polymeric nanoparticles, drug nanocrystals, etc.) such as their particulate nature, reversible and concentration-dependent formation, and macromolecule adsorption. However, their unique properties permit selective techniques for their identification and study. In this section, we highlight the most prevalent assays. These techniques have been used to determine the presence of colloids, their respective CACs, and their stability under physiologically relevant conditions.
Light scattering
Due to the particulate nature of colloidal aggregates, their presence in solution is easily identified by light scattering techniques. The formation of colloidal aggregates leads to a significant increase in scattering intensity (at least one order of magnitude greater than background scattering), which increases beyond the CAC (Figs. 1B, 3A and B ) [3, 7] . This method has been used to identify the colloid-forming tendencies of many compounds and their respective CACs. As expected, when colloids are disrupted by detergents scattering intensity is reduced; since detergents themselves can also form micelles, their own scattering must be considered during these experiments. Background scattering can also be a limitation in studying colloidal aggregates in physiologically relevant conditions, such as serum-containing media, due to scattering by serum proteins themselves [49] . Scattering intensity can be used to study the stability of colloids, as precipitated particles will settle out and result in a decreased scattering intensity [50] . Wang and Matayoshi developed a high-throughput light scattering assay to test compound aggregation and compared this method to commonly-used solubility tests [51] .
In addition to identifying their presence, dynamic light scattering (DLS) can be used to measure the hydrodynamic diameter distribution of suspended particles [52] . Most colloids are typically a few hundred nanometers shortly after formation and at concentrations close their CACs. After colloids form, dynamic light scattering can be used to monitor changes in their diameter over time [3, 7, 15, 26] .
Light scattering can also be used in combination with flow cytometry to quantify size and number of colloids formed [7] . When a flow cytometer modified to measure light scattering was used, the number of colloidal particles increased linearly with increasing compound concentration above the CAC [7] . Since the compound concentration and the size of the colloids were both known, assuming solid particles allowed for calculations of the aggregate species concentration itself. For nicardipine and miconazole, which have particles diameters of 300-600 nm, the aggregate concentration was in the femtomolar range, while the concentration of drug molecules was in the micromolar range. While this method was limited to particles greater than 300 nm due to the limit of detection of the instrument, the results provided important insights into the CAC and stoichiometry of colloidal aggregation, which can be extended to many colloid-forming compounds.
Electron microscopy
Electron microscopy suggests that colloidal aggregates, at least under the required imaging conditions, are spherical (Fig. 1A ) [3] . The distinct morphology of amorphous colloidal aggregates versus those of crystalline nanoparticles can also be investigated using electron microscopy techniques [53] . Transmission electron microscopy (TEM) has been used to visualize the adsorption of enzymes to the colloid surface as a mechanism of non-specific inhibition [22] .
Electron microscopy has also aided in the study of colloidal drug aggregates under physiologically relevant conditions where light scattering techniques are limited [16, 19, 46, 50] . Using electron microscopy, measurement of colloidal diameters during incubation in media containing 10% serum proteins is possible (Fig. 3C, D) [19] . Importantly, the dehydrated conditions of electron microscopy lead to smaller diameters than those measured by light scattering in a hydrated state. Due to the organic nature of these particles, many studies have used negative stains (e.g. uranyl acetate, ammonium molybdate) to enhance their visualization by TEM, though studies without negative stains are also possible [3, 19, 22, 31, 46] .
Fluorescence assays
Due to their amorphous state, colloidal aggregates can incorporate hydrophobic fluorophores, which facilitates their visualization and characterization. For example, Ilevbare et al. incorporated pyrene into colloids, and used subsequent changes to its emission properties, to measure the CAC of several lipophilic drugs including ritonavir and felodipine (Fig. 4) [15] . Specifically, the I 1 /I 3 emission peak intensity ratio of pyrene is sensitive to the polarity of the chemical environment (I 1 at 373 nm and I 3 at 383 nm). As the environment in which the pyrene is solubilized becomes more hydrophobic there is a decrease in the I 1 /I 3 ratio. At concentrations below the CAC, pyrene had an emission spectrum similar to that of free pyrene. At the CAC of the compound and higher concentrations, there was a sharp decrease in the I 1 /I 3 ratio, indicating that the dye is in the more hydrophobic environment of the colloid. These results were corroborated with DLS and the obtained CACs showed good agreement between the two methods. In addition to steady-state fluorescence measurements, the fluorescence lifetime of incorporated fluorophores (i.e. a measure of the how long the flu- orophore remains in the excited state) can also be used to study the state of aggregates [54] .
Since these fluorophores can only incorporate into particles of amorphous nature, they can also be used to study the onset of crystallization [26] . As crystallization occurs, the probe becomes excluded from the crystal lattice of the aggregator and returns to the polar environment of the aqueous phase. The incorporation of fluorophores allows colloids to be studied in complex biological environments mimicking those in vivo [38, 55] . The stability of colloidal aggregates in serum containing media and their interactions with cells has been studied using fluorescence measurements [19, 50] .
Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) is commonly used to study the chemical properties of many materials. Recently LaPlante et al. used 1 H-NMR to study the onset of colloidal aggregation [56, 57] . While fully solubilized small molecules have sharp peaks due to their fast tumbling, precipitates tumble too slowly to resonate [58] . Colloidal aggregates are an intermediate state where tumbling is fast enough for resonance to occur, but their presence leads to changes in local magnetic fields and chemical environments. With single molecules, only the peak intensity changes as a function of concentration; however, once aggregation has occurred, increasing concentrations result in changes to peak number, shape, and shifts. As is characteristic of colloidal aggregation, upon the addition of detergents, peak properties return to those of solubilized small molecule solutions. 1 H-NMR has also been used to study the interactions between stabilizers and colloidal aggregates [59] .
While these methods corroborate other methods, they are limited in their application to aggregates of small sizes (<200 nm diameters) as the tumbling of large aggregates is too slow to resonate on NMR timescales. Additionally, the limit of detection is only around 12 M [57]; thus, this method is not useful for measuring the CACs of compounds below this limit, but can still be useful for identifying the presence of aggregates at higher concentrations.
Other methods
While the four techniques described above have been the most extensively used to study and characterize colloidal aggregates, other techniques have also been used. For example, surface plasmon resonance has been applied to study colloidal aggregation interactions with proteins [45] . Flow-cell surfaces modified with proteins were used to study their interactions with colloids and could reproduce concentration-dependence and detergent-reversible properties of colloidal aggregates. Polarized light microscopy has been used to support the non-crystalline nature of phase-separated drug solutions where aggregates were found to be non-birefringent [15, 60] . Size exclusion chromatog- raphy has been commonly used for the study of self-assembled polymeric nanoparticle stability in physiologically relevant media [61, 62] . This technique also allows for the separation of serum proteins from fluorophore-labelled colloidal particles to study the stability of colloidal drug aggregates in serum-containing media [19, 50] .
Implications of colloidal aggregates
In addition to their interesting physical properties, colloidal aggregates have unique interactions with biological environments. As previously mentioned,their interactions with proteins can result in false hits in HTS. Furthermore, their stability in the presence of high-protein milieus impacts both in vitro and in vivo analyses. Proteins are abundant in biological systems, where their interactions with other macromolecules drive important biochemical pathways and physical transport phenomena. Understanding the interactions of colloids with proteins and cells is key to understanding in vitro and in vivo data.
Interactions of colloidal aggregates with proteins
A characteristic of colloidal aggregates is their strong surface adsorption of proteins. Direct association of colloids with proteins has been shown by centrifugation of solutions with both colloids and proteins (Fig. 5) , where the protein is concentrated in the colloid pellet [22, 46, 50] . TEM imaging of the colloid-protein complex has also confirmed their direct association [22] . Colloids are stable in high-protein milieus and even form in the presence of proteins [16, 63] .
In the case of enzymes, adsorption to the colloid surface typically leads to a loss of catalytic activity. This phenomenon is non-specific and colloid-forming compounds inhibit many unrelated enzymes at micromolar concentrations [3, 14, 48] . Enzyme inhibition is typically time-dependent and partly reversible, as demonstrated by adsorption kinetics studies. Liu et al. showed that initial rates of the reaction were inhibited by aggregates, and were suggestive of noncompetitive inhibition wherein the aggregate binds to both free enzyme and the enzyme-substrate complex [64] . Upon disruption of the colloids (either by dilution or solubilization with detergents), the majority of enzyme activity returns [22] . Intriguingly, colloidal aggregates can actually stably sequester enzymes, preserving their activity until the colloid is disrupted [46] .
The origins of protein inhibition by colloidal aggregates appears to be sequestration followed by partial unfolding, though the importance of the second, unfolding step, remains to be fully determined. The occurrence of partial enzyme unfolding has been demonstrated in several ways [8, 63] . First, incubation of a ␤-lactamase-colloid complex with the irreversible inhibitor moxalactam led to no observable effect on the reactivated enzyme after colloid disruption, indicating that there is no significant exchange between bound and free enzyme. Second, binding of ␤-lactamase to colloids followed by deuterium-hydrogen exchange, led to increased incorporation of deuterium into the enzyme, as measured by mass spectroscopy after protease digestion. Such increased incorporation into the peptide backbone suggests increased accessibility to the solvent due to at least local unfolding. Third, ␤-lactamase bound to colloids was much more susceptible to trypsin degradation than was the free enzyme, further supporting denaturation of the enzyme on colloid binding. Because the enzyme regains much of its activity rapidly on colloid disruption, within the dead-time of a spectrophotometric assay, it seems likely that the unfolding that the enzyme suffers on the colloids surface is local and transient. Consistent with this view, antibodies adsorbed to the surface of colloidal aggregates remain able to bind to their target receptor, indicating that the antigen-binding region can still adopt an active conformation [50] .
Based on particle counting methods combined with enzyme activity assays, Coan et al. concluded that colloidal particles had sufficient surface area to adsorb all the protein used in their study, but this observation does not rule out protein absorption into the colloid core [7] . While the molar ratio of protein to colloid-forming compounds in these systems may be on the order of 1:1000, the ratio of enzyme to colloidal particle is much higher since each particle contains millions of drug molecules. This higher ratio of enzyme to colloid also makes it possible for the particle surface to become saturated. For example, pre-incubation of colloids with albumin significantly reduces enzyme inhibition because albumin adsorbs to the colloid surface, leaving less surface area for enzymes [3] . The colloidal surface may also be saturated with other macromolecules, such as surfactants or polymers; in these cases, protein adsorption is also greatly reduced [19] . Notably, the addition of protein to the already formed colloid-enzyme complex neither frees adsorbed protein nor restores catalytic activity [63] , likely due to the slow dissociation of already bound enzyme (picomolar dissociation constants).
Membrane transport of colloidal drug aggregates
Drug transport across cell membranes is key to efficacy. Studying membrane transport of drugs using a standard diffusion cell, with the donor and receiver chambers separated by a semipermeable membrane, Taylor et al. found that when colloidal drug aggregates form, there is an upper limit for flux across the synthetic membrane (Fig. 6) [65] . When the donor chamber concentration was below the CAC, they found that the flux of felodipine increased linearly with increasing concentrations. However, when the donor cell concentration exceeded the CAC, the flux of drug remained constant over all concentrations tested. This observation supports the formation of colloidal drug aggregates, as any drug above the CAC self-assembles into particles, which cannot cross the membrane. Thus, the effective drug concentration that drives diffusion is limited at the CAC; only the non-colloidal drug amount is able to diffuse into the receiver chamber, which leads to a constant flux when the total drug concentration is greater than the CAC. As diffusion occurs, the drug in the continuous phase is replenished by drug within the colloidal aggregates and thus flux is maintained over time.
Due to the reversible nature of colloidal aggregation, the presence of solubilizing excipients also influences the diffusive flux across membranes. When only low concentrations of micellar detergents are present, the thermodynamic activity of the drug and therefore the diffusive flux remain constant. When an excess of detergents is used to disrupt colloids, drug molecules partition with these detergents and there is a reduction in flux due to a decrease in the concentration of free, non-micelle-bound drug to below the CAC [39] . A similar observation is made when the aqueous environment itself affects the aggregation properties of the compounds. For example, Raina et al. observed a difference in diffusive flux of felodipine in phosphate buffer versus simulated intestinal fluid (SIF) [39] . Constant flux above a certain concentration was observed in both buffers; however, the concentration at which this plateau was observed was significantly higher in SIF, which is indicative of a higher CAC in this medium. While these studies have important implications in the context of oral drug delivery, the role of active transport processes and presence of biomacromolecules, such as proteins and lipids, remain sparsely studied.
Colloidal drug aggregates in cell culture
Colloidal aggregates are stable in high-protein milieus, and it is perhaps unsurprising that their presence would have an impact on drug activity in cell culture assays [16, 20] . For instance, when aggregating chemotherapeutic compounds reach their CAC values and adopt a colloidal form in cell culture, a substantial decrease (in some cases a total loss) of cytotoxic activity is observed. Conversely, when a free drug monomer population is maintained, through the addition of detergents, the activity of the drug returns. The concentration at which loss of drug activity occurs coincides with the CAC of the compounds [20] . In contrast to the expected monotonic sigmoidal dose-response curve observed for many chemical inhibitors, a "bell-shaped" dose response curve was observed for many colloidal aggregators (Fig. 7A) . "Bell-shaped" curves are common in the literature, and are typically explained by the engagement of multiple cellular pathways. Undoubtedly this explanation holds for many molecules, but for at least some molecules these unusual curves will reflect the formation of colloidal aggregates [20] .
The interactions between colloid-forming dyes and cells were investigated to further understand the mechanism of drug activity loss (Fig. 7B, C) [20] . When colloidal dye particles were incubated with cells, little to no fluorescence was observed within the cell, indicating that colloids were not internalized by cells. However, upon disruption of the dye colloids with detergents, solubilized dye molecules could freely cross the cell membrane. Permeabilized membranes allowed both colloidal and monomeric dye solutions to enter cells. This observation suggests that the loss of drug activity in colloidal formulations is due to the inability of drug colloids to cross cell membranes. Consistent with previous work investi- gating nanoparticle-cell interactions, these results suggest that, in high-protein milieus, the strong affinity of the colloid surface for proteins leads to immediate protein adsorption. This formation of a protein corona prevents interactions between the colloid and cell surface, thus limiting entry of the drug into cells [66] [67] [68] .
In recent studies, we have found that colloids can be modified with proteins that are recognized by cell surface receptors, thereby promoting cellular uptake [50] . Colloids were passivated with a protein corona comprising the targeting antibody trastuzumab, which is specific to human epidermal growth factor receptor 2 (HER2) antigens. Even in the presence of serum proteins, these colloids were selectively internalized by HER2-overexpressing cancer cells but not by cells that had low expression of HER2. Conversely, colloids coated with a non-specificIgG antibody were not internalized by either cell type.
Persistence of colloidal drug aggregates in vivo
Based on expected gastric drug concentrations and the diversity of conditions under which colloidal aggregation occurs, it is not surprising that colloidal drug aggregates are in fact present in vivo. Doak et al. observed that many compounds formed colloids at concentration relevant to in vivo dosing regimens in simulated gastric environments in vitro [69] . Work by Frenkel et al. suggests that not only do colloids form and persist in the gastrointestinal tract, but their presence also impacts the bioavailability of these compounds in vivo [31, 70] .
Frenkel et al. investigated the colloid-forming properties of a number of non-nucleoside reverse transcriptase inhibitors (NNRTIs) which have known pharmacokinetic parameters in rodent models and humans [31] . They identified a number of NNRTIs that form colloidal particles in simulated gastric environments at concentrations similar to those expected in the gastrointestinal tract after oral dosing. They classified these compounds into two groups based on aggregate size: small particles (60-220 nm diameters) and large particles (>500 nm diameters). They found good correlations between this classification of compounds and their known pharmacokinetic parameters. For example, compounds that formed aggregates with small diameters had good adsorption/bioavailability parameters (AUC > 5 g h/mL) while those that formed large aggregates had poor bioavailability (AUC < 1 g h/mL). The authors hypothesized that the smaller aggregates were absorbed by M cells of the Peyer's patch and then entered systemic circulation via lymphatic circulation. This result is consistent with other studies investigating nanoparticle formulations for oral delivery [71, 72] . In contrast, larger aggregates appeared to have precipitated, thus limiting the bioavailability of the drug.
Since changes in pH play an important role in gastrointestinal drug absorption, Frenkel et al. also investigated the effect of pH on aggregation and subsequent bioavailability. For most of the compounds studied, an increase in pH led to an increase in aggregate size; however, the degree to which the aggregate size changed depended on the compound itself [31] . This pH-dependence on size change was correlated to bioavailability of the compound; the most bioavailable compounds were found to be the least affected by increasing pH while the least bioavailable compounds increased in size the most with increasing pH values.
Stabilizing colloidal drug aggregates
While the phenomenon of colloidal aggregation has traditionally been considered a nuisance in drug screening assays, their properties make them attractive as intentional formulations. Their drug-rich composition, with diameters in the hundreds of nanometers range, is highly desirable for nanoparticle-based formulations. However, for any formulation to be useful, it must be controllable and stable over the appropriate time frames and conditions. Colloidal drug aggregates have been stabilized with polymeric excipients, other aggregating compounds, and proteins.
Mechanisms of colloid destabilization
To formulate stable colloids, the forces that destabilize them must be understood. As small, hydrophobic particles dispersed in water, non-stabilized colloidal aggregates are prone to further aggregating together in a process called flocculation. The driving force for flocculation is the reduction in colloid-water contact area when particles stick together, which reduces the total free energy of the system. As two colloidal particles in solution approach each other, attractive and repulsive forces between them determine the probability of flocculation. Some of these forces are described by DLVO theory, which considers attractive van der Waals forces between particles and the repulsive electrostatic forces between their electrical double layers [73] . Under low ionic strength conditions, the double layer is disperse, giving the particle an effective charge which repels other similarly charged particles. However, in salt solutions, the double layer is compacted, the surface and double layer charges negate each other, and the colloids tend to further aggregate into large, polydisperse particles [3] . In addition to growing through flocculation, colloidal aggregates can grow over time through ripening, wherein material dissolves from smaller particles (due to their higher surface energy) and is absorbed by larger particles [32] . While growth through ripening maintains a monomodal particle size distribution with low size dispersity, flocculation is distinguished by the emergence of a second population of large flocs.
Due to their metastable amorphous nature, colloidal aggregates are also prone to crystallization. The driving force for crystallization is measured by the supersaturation (S), which is the ratio of the concentration of a species and its crystal solubility. Crystallization is thermodynamically favored for systems with supersaturation values greater than 1, i.e. when the solute concentration exceeds its crystal solubility [74] . In phase-separated colloidal systems, the concentration of free aggregator is maintained at the CAC, and thus supersaturation is the ratio of the CAC and the crystalline solubility. Since the CAC is typically higher than the crystal solubility, colloid-containing media are supersaturated (S > 1); therefore, the drug will eventually precipitate [17, 26, 50] . Furthermore, because both phases are in equilibrium, the supersaturation of the colloid is the same as the continuous phase [60] . Although crystals are thermodynamically favored, there is a kinetic barrier to forming new crystals as very small crystals tend to dissolve due to their high surface area to volume ratio. Due to this barrier, a growing particle must reach a critical size before it persists [74] . Classical nucleation theory states that increasing supersaturation increases the rate at which these stable nuclei are formed [32] .
Crystal nucleation is thought to occur at the colloid-water interface because of the reduced energy barrier for nucleation within the colloid [17] . Once formed, the crystals likely grow into the colloids, since the interfacial tension between crystal nuclei and the drugrich phase is minimal [26, 59] . This mechanism is supported by the fact that crystallization is accelerated by the presence of colloids [26] ; furthermore, crystallites have been directly imaged inside the solute-rich phase of some phase-separated systems [75, 76] .
Though we currently cannot predict why some compounds persist as amorphous aggregates while others rapidly crystallize, studies on supercooled drug melts suggest that molecules with high molecular weight, high flexibility, and diverse intermolecular hydrogen bonding patterns crystallize slowly due to the configurational requirements to fit into the crystal lattice and the high viscosity of the drug-rich phase [41, 77, 78] . Thermodynamically, slow crystallizers have low enthalpies and entropies of fusion, and low melting temperatures [79] . As demonstrated by Eq. (1), these factors contribute to a lower supersaturation at the CAC, ultimately reducing the crystallization rate and leading to good kinetic stability.
Stabilizing colloids with polymeric excipients
A common method of stabilizing colloidal aggregates uses polymers that produce steric repulsive surface forces [38, 80] . Sterically stabilized particles are prevented from flocculating by unfavorable mixing and compression of adsorbed stabilizer due to osmotic forces as two particles approach each other [73] . For effective steric stabilization, the stabilizer should completely cover the particle surface, have segments that mix favorably with the solvent, and form a corona on the particle surface that is thicker than 5 nm [73] . Early work found that the use of detergents could prevent precipitation and maintain these aggregates in a colloidal state [31] . Moreover, colloids formulated with many polymeric excipients have significantly improved stability [19] . Low concentrations of the surfactants could stabilize colloidal aggregates of fulvestrant and the investigational drug pentyl-PABC doxazolidine, over 48 h in buffered solutions. Surfactants greatly reduced protein adsorption to the colloids and rendered these formulations stable in serum-containing media as well. This enhanced serum stability is important for use of colloids in physiologically relevant conditions. In addition to providing steric stability, polymers can increase stability against crystallization, and low concentrations of polymers can increase the induction time before crystallization occurs [17, 39, 59, 81, 82] . Two mechanisms are thought to contribute to this effect. First, macromolecular additives can increase the crystalline solubility of the drug or decrease its CAC by altering the correction factor in Eq. (1) [17] . These changes reduce supersaturation, lowering the crystal nucleation rate. Second, adsorbed macromolecules are thought to alter the nucleation kinetics at the water-colloid interface. Adsorbed species can either accelerate or retard drug crystallization, depending on the nature of both species [26, 83] . This non-uniform behavior may be due to the different localizations of each polymer within the colloid, which arise from differences in polymer-drug interactions [39] . Some macromolecules localize to the colloid surface, thereby interfering with heterogeneous nucleation; some may partition into the colloids, inhibiting crystal growth inside the particle [59] . Other macromolecules do not adsorb significantly and have little effect on nucleation kinetics [84] . Another factor is differences in hydrophobic interactions between the polymer and drug. For example, the structure of the hydrophobic segments of a series of surfactants correlates with its ability to suppress or enhance the crystallization of amorphous celecoxib [83] . In cases where crystallization is enhanced, the macromolecule may reduce the activation barrier for nucleation by stabilizing the crystal nucleus. However, polymers adsorbed onto pre-formed drug crystals can also inhibit their growth to varying degrees [85, 86] , which could help sustain a population of colloids even in the presence of a few crystals. In general, partially hydrophobic polymers, which can suppress nucleation at the water-colloid interface, seem to best stabilize colloidal aggregates against crystallization.
Co-aggregation to stabilize drug colloids
Recently, co-formulation of aggregators with azo-dyes-which themselves form aggregates-has been shown to stabilize the colloids (Fig. 8A) [46] . Stable colloids of sorafenib and vemurafenib were formed with the aggregating dyes Congo red and Evans blue, and the resulting co-formulated colloids were unusually monodispersed with small diameters (50-100 nm). Drug to dye ratios as high as 25:1 yielded colloidal aggregates that were stable over 72 h in buffered solutions and even in serum-containing media [30] . The incorporation of the azo-dyes in these colloids resulted in highly negative surface charges (zeta potentials of approximately −40 mV), and the resultant electrostatic repulsion may be the driving force of the colloidal stability of these formulations. In addition to having exceptional stability, dye-stabilized colloids preserved the activity of adsorbed enzymes. Enzymes loaded onto these colloids were active after 72 h once released back into solution, while free enzyme was only stable for 4 h.
Exploiting protein adsorption to stabilize colloidal aggregates
A decade of work has established that colloidal aggregates bind strongly to proteins. This property was exploited to stabilize colloidal aggregates using a protein corona on the colloid surface, which provided stabilizing steric repulsive forces [50] . Protein corona formation could control colloidal aggregate size in a concentration-dependent manner (Fig. 8B) . These colloids had enhanced stability in buffered solutions (maintenance of colloid size over 48 h) compared to non-stabilized colloids, which precipitated over the course of 24 h. The protein-stabilized colloids were also stable in serum-containing media. Importantly, this strategy is amenable to a range of proteins and compounds. However, each drug-protein combination likely has a different ratio for optimal stability, since the properties of the colloidal surface and the protein drive these interactions.
Conclusions and outlook
Self-aggregation to form colloidal particles is a phenomenon exhibited by a wide range of compounds, including many drug molecules and dyes; there is evidence that over 10,000 molecules can form these species, and presumably many more can. Though the colloidal particles are metastable, the colloid-forming compounds discussed herein show delayed crystallization. To be classified as a colloidal aggregator, the following properties are required:
1. CAC-dependent formation of distinct colloidal particles; 2. Non-specific protein adsorption and inhibition of enzymes (model enzymes used to demonstrate this include ␤-lactamase, ␣-chymotrypsin, and malate dehydrogenase); and 3. Detergent-reversible formation (e.g. return of enzyme activity and return of small molecule activity in cell-based assays following detergent addition).
Detergent reversibility provides a robust means of controlling for aggregation in many enzyme-and cell-based assays. Different detergents may be required for each assay, taking into account the effects of the detergents themselves on the assay. We prefer Triton X-100 for enzyme inhibition studies and polysorbate 80 for cell-based assays. With appropriate controls and under the right conditions, one may now expect to control for the role of colloidal aggregation as an artifact in early drug discovery.
Due to the wide variety of conditions used in drug screening and the persistence of colloids under different conditions, efforts to predict colloidal aggregation have had limited success [10, 87, 88] . Aggregate Advisor (http://advisor.bkslab.org) is one such predictive tool that can aide in identifying potential colloid-forming compounds for further verification [89] , though we caution that the tool is crude and suffers from false positives and false negatives; it has the advantage, however, of categorizing and matching to more than 10,000 observations of colloidal aggregation. As the number of known colloid-forming compounds continues to rise, and their physical and chemical properties are further explored, predictive technologies may improve.
Although colloidal aggregates have been historically viewed as a nuisance artifact in drug screens, efforts to exploit their unique properties are changing this outlook. The ability to stabilize colloidal aggregates by using excipients such as polymers, proteins, and other small molecule aggregators has allowed not only their further study, but also their potential use as intentional drug formulations [19, 50] . Many studies have investigated the impact of colloidal drug aggregation on the dissolution profiles of oral formulations [31, 33, 90] . Colloidal drug aggregates may yield formulations with drug loadings that are an order of magnitude higher than conventional nanoparticle formulations. While significant progress has been made in regard to identifying and studying these drug aggregates, key questions remain. For example, few studies have investigated the stability of colloidal drug aggregates in physiologically relevant, protein-rich conditions; even fewer have studied their interactions with cells or their fate in vivo. Furthermore, the ability to generalize current stabilization strategies to all colloid-forming compounds is unknown and will require systematic evaluation of these methods. Such studies are required to turn this phenomenon into a reliable formulations strategy.
